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Abstract Potential trade-offs between providing suffi-
cient food for a growing human population in the future
and sustaining ecosystems and their services are driven by
various biophysical and socio-economic parameters at
different scales. In this study, we investigate these trade-
offs by using a three-step interdisciplinary approach. We
examine (1) how the expected global cropland expansion
might affect food security in terms of agricultural pro-
duction and prices, (2) where natural conditions are suit-
able for cropland expansion under changing climate
conditions, and (3) whether this potential conversion to
cropland would affect areas of high biodiversity value or
conservation importance. Our results show that on the one
hand, allowing the expansion of cropland generally results
in an improved food security not only in regions where
crop production rises, but also in net importing countries
such as India and China. On the other hand, the estimated
cropland expansion could take place in many highly bio-
diverse regions, pointing out the need for spatially detailed
and context-specific assessments to understand the possible
outcomes of different food security strategies. Our multi-
disciplinary approach is relevant with respect to the Sus-
tainable Development Goals for implementing and
enforcing sustainable pathways for increasing agricultural
production, and ensuring food security while conserving
biodiversity and ecosystem services.
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Introduction
Halving the proportion of undernourished people in the
developing countries by 2015 was one of the objectives of
the United Nation’s Millennium Development Goals
(MDGs). The prevalence of undernourishment was reduced
between the periods 1990–1992 and 2012–2014 from 18.7
to 11.3 % globally and from 23.4 to 13.5 % in developing
countries in the same period of time (FAO et al. 2014).
However, the 2014 MDG report argues that while this
target has been met on a global scale, South Asia and sub-
Saharan Africa are lacking behind (United Nations 2014).
Therefore, the challenge of meeting food security goals is
likely to persist in the future.
With a world population that is expected to grow from
currently about 6.9–9.2 billion by 2050, as well as
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changing lifestyles and consumption patterns towards more
protein-containing diets, global demand for food is pro-
jected to increase by 70–110 % by 2050 (Bruinsma 2011;
Kastner et al. 2012; Tilman et al. 2011). In order to ensure
sufficient food supply in the coming decades, several
solutions are suggested. Besides reducing food waste and
harvest losses, improving food distribution and access, and
shifting diets towards consumption of fewer meat and dairy
products, studies conclude that also the increase in global
agricultural production is crucially important to meet the
increasing demand (Garnett et al. 2013; Godfray et al.
2010; Gregory and George 2011; Gustavsson et al. 2011;
Ray and Foley 2013; Mauser et al. 2015). At the same time,
agricultural yields as well as production stability are
affected by climate change, albeit study results vary
between different approaches and assumptions (IIASA and
FAO 2012; Rosenzweig et al. 2013; van Ittersum et al.
2013).
The possibilities to increase agricultural production
consist of intensification of existing croplands and of their
expansion into uncultivated areas, but both options are
associated with environmental externalities, including the
pollution of surface and groundwater by agrochemicals,
unsustainable water withdrawals, and the loss of biodi-
versity (Foley et al. 2011). Biodiversity loss due to agri-
cultural activities is particularly worrisome because it has
consequences for ecosystem functioning, provisioning of
ecosystem services, resilience of social–ecological sys-
tems, and ultimately the welfare of human societies (Cor-
valan et al. 2005). These potential trade-offs are clearly
reflected in the recently published Sustainable Develop-
ment Goals (SDGs). They highlight the topic of food
security and sustainable agriculture (UN 2012), but com-
pared to the MDGs which were restricted to socio-eco-
nomic goals, they stress the need to ensure the protection,
regeneration and resilience of global and regional ecosys-
tems (ibid §4).
Land-use intensification has been variously shown to
negatively impact local biodiversity in many regions of the
world (Flynn et al. 2009; Newbold et al. 2015). However,
land-use expansion with its associated loss and fragmen-
tation of natural habitats is the globally more dominant
driver of biodiversity loss, particularly in highly biodiverse
tropical and subtropical regions (Foley et al. 2005;
Hosonuma et al. 2012; Pereira et al. 2012). Despite the
negative externalities of cropland expansion and continu-
ing calls for sustainable intensification (Garnett et al. 2013;
Tilman 1999; West et al. 2014), the future expansion of
agricultural land is still considered to be a likely scenario
(see, e.g., the OECD/FAO Agricultural Outlook). Land
productivity considerably increased over the last decades
(FAOSTAT 2015). However, when neglecting future
changes in cropping patterns and management, current
yield trends of the most important staple crops are not
sufficient to double global food production by 2050 (Ray
et al. 2013). According to FAO, cropland is expected to
globally expand by 7 % until 2030 (Alexandratos and
Bruinsma 2012). Consequently, it is crucially important to
examine (1) how the expected global cropland expansion
might affect food security in terms of agricultural pro-
duction and prices, (2) where natural conditions are suit-
able for cropland expansion under changing climate
conditions, and (3) whether this potential conversion to
cropland would affect areas of high biodiversity value or
conservation importance. Answering these questions
requires a scientific analysis of the trade-offs between
achieving food security via cropland expansion on the one
hand and conserving biodiversity on the other.
In this study, we investigate the trade-offs between
providing sufficient food in the future and sustaining
biodiversity by using a three-step interdisciplinary
approach. First, we examine the impact of cropland
expansion on food security in terms of agricultural pro-
duction quantity and prices. In the following step, we
identify areas that are biophysically most suitable for the
potential expansion of cropland under specific climate
scenario conditions. Finally, we use information on global
patterns of endemism richness, in order to identify hot
spots where biodiversity could be most affected by
potential cropland expansion.
Methods and data
We use three different approaches to analyse trade-offs
between food security and biodiversity since they are dri-
ven by various interdependent socio-economic and bio-
physical parameters that operate at different spatial scales.
First, to address the impact of cropland expansion on global
and regional agricultural markets we apply the com-
putable general equilibrium model DART-BIO. The model
accounts for socio-economic developments such as popu-
lation growth and changes in consumption patterns, while it
considers repercussions between different production sec-
tors and regions, simulating the development of food
quantity and prices as important indicators for food secu-
rity. Second, since this approach does not allow for local-
izing cropland expansion, we use biophysical drivers at the
local scale such as climate, soil quality, and topography to
determine where an expansion of cropland potentially
would be possible under the given natural conditions.
Third, we use data on endemism richness, a biodiversity
metric that represents the importance of an area for con-
servation, to statistically examine the spatial concordance
between patterns of global biodiversity and potential
cropland expansion.
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The DART-BIO model
The Dynamic Applied Regional Trade (DART) model is a
multi-sectoral, multi-regional recursive dynamic com-
putable general equilibrium (CGE) model of the world
economy. The DART model has been applied to analyse
international climate policies (e.g. Springer 1998; Klepper
and Peterson 2006a), environmental policies (e.g. Weitzel
et al. 2012), energy policies (e.g. Klepper and Peterson
2006b), and agricultural and biofuel policies (e.g.
Kretschmer et al. 2009) among others.
The DART model is based on data from the Global
Trade Analysis Project (GTAP) covering multiple sectors
and regions. The economy in each region is modelled as a
competitive economy with flexible prices and market-
clearing conditions. The dynamic framework is recursively
dynamic, meaning that the evolution of the economies over
time is described by a sequence of single-period static
equilibria connected through capital accumulation and
changes in labour supply. The economic structure of
DART is fully specified for each region and covers pro-
duction, investment, and final consumption by consumers
and the government.
DART is calibrated to the GTAP8 database (Narayanan
et al. 2012) that represents production and trade data for
2007 with input–output tables for the world economy. The
particular version used here (DART-BIO) contains 45
sectors and has detailed features concerning the agricul-
tural sectors. Thirty-one activities in agriculture (thereof
ten crop sectors) are explicitly modelled which represent a
realistic picture of the complex value chains in agriculture.
Several sectors that are only available on an aggregated
level in the GTAP database are therefore split. The regional
aggregation of 23 regions is chosen to include countries
where main land use changes either due to biofuels pro-
duction or because major changes in population, income,
and consumption patterns are expected to emerge (e.g.
Brazil, Malaysia, China). A detailed model description of
the database and data processing can be found in Calzadilla
et al. (2014).
In the DART-BIO model, we use different land types
according to agro-ecological zones (AEZs), based on the
GTAP database. AEZs represent 18 types of land, in each
region with different crop suitability, productivity poten-
tial, and environmental impact. Each of the 18 AEZs is
characterized by its particular climate, soil moisture/pre-
cipitation, and landform conditions which are basic for the
supply of water, energy, nutrients, and physical support to
plants. The newest version is available in the GTAP8
database by Baldos and Hertel (2012).
The mobility of land from one land-use type to another
is commonly restricted by a nested constant elasticity of
transformation (CET) function (see, e.g., Laborde and
Valin 2012; Hertel et al. 2010). We choose a three-level
nesting, in which land is first allocated between land for
agriculture and managed forest. Then, agricultural land is
allocated between pasture and crops. In the next level,
cropland is allocated between rice, palm, sugar cane/beet
and annual crops (wheat, maize, rapeseed, soybeans, other
grains, other oilseeds, and other crops). At each level, the
elasticity of transformation increases, reflecting that land is
more mobile between crops than between forestry and
agriculture (see Appendix Table 2). An important differ-
ence compared with other approaches (e.g. Laborde and
Valin 2012; Boue¨t et al. 2010) is that we do not differen-
tiate between land prices for growing annual crops. Since
farmers can decide year by year which crop to plant, these
crops can be easily substituted depending mainly on crop
prices. Thus, different annual crops (e.g. wheat and maize)
face only one land price entering into their costs. However,
paddy rice and perennial crops such as palm fruit and sugar
cane are less mobile and therefore face different land pri-
ces. Elasticities of transformation between the land uses are
the main drivers of land allocation; however, they are very
poorly studied in the literature. We currently use numbers
from OECD’s PEM model (Abler 2000; Salhofer 2000)
which only covers developed countries plus Mexico, Tur-
key, and South Korea. Therefore, we had to choose values
based on certain similarities for several countries (see
Appendix Table 2). The effect of differences in land-use
modelling is discussed in Calzadilla et al. (forthcoming).
Productivity in the agricultural sector is determined by
changes in labour force, the rate of labourproductivity growth,
and the change in human capital accumulation, as well as the
choice of the model structure (e.g. CET nesting) and param-
eter settings (e.g. elasticity of substitution). Hence, future
yield growth is driven by changes in the total productivity
factor. A more detailed description of production functions
and dynamics is available in Calzadilla et al. (2014).
To simulate the effect of cropland expansion on food
security, we set up two scenarios. The baseline scenario
represents a continuation of the business as usual economic
growth, population growth, and national policies as
observed in the DART-BIO 2007 database. In this refer-
ence scenario, no expansion of cropland into non-managed
land types is assumed.
The assumptions underlying the land expansion (LE)
scenario are based on the FAO long-term baseline outlook
‘World agriculture: towards 2030/2050’—The 2012 Revi-
sion (Alexandratos and Bruinsma 2012). These reports are
the most authoritative sources for forecasts on crop pro-
duction available. The forecasts are based on annual
growth rate projections until 2030/2050 for crop production
for selected important food crops.
From the information provided in the FAO forecast, we
calculate annual growth rates for a linear increase in
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harvested area from the 2005/2007 base years, as provided
by the FAO to 2030 (assumptions on growth rates include
the most important crops cultivated on cropland). They enter
the DART-BIO model as exogenous parameters. Globally,
harvested area is expected to increase by about 7 %, while
the regional distribution of land expansion or contraction
varies between contraction of cropland (e.g. -11 % in
Japan) and expansion of up to 28 % in Paraguay/Argentina/
Uruguay/Chile (PAC) (Fig. 1 and Appendix Fig. 5).
Accordingly, the land endowment for agricultural produc-
tion in the DART-BIO model is set to consider these dif-
ferences. While in northern and middle Europe, China, and
India the harvested area shows no significant changes over
time, the harvested area in Japan and Russia is reduced. The
FAO data (Alexandratos and Bruinsma 2012) show that
largest land expansions occur in Latin America (BRA, PAC,
LAM) and Rest of Former Soviet Union and Europe (FSU).
Natural potentials for future cropland expansion
The potential for the expansion of cropland is restricted by
the availability of land resources and given local natural
conditions. Consequently, area that is highly suitable for
agriculture according to the prevailing local ecological
conditions (climate, soil, terrain) but is not under cultiva-
tion today has a high natural potential for being agricul-
turally used. Policy regulations or socio-economic
conditions can further restrict the availability of land for
expansion, e.g., by designating protected areas, although
they may be suitable for agriculture. Conversely, by
applying, e.g., irrigation practices, land can be brought
under cultivation, although it may naturally not be suitable.
Here, we investigate the potentials for agricultural expan-
sion for near future climate scenario conditions to identify
the suitability of non-cropland areas for expansion.
We determine the available energy, water, and nutrient
supply for agricultural suitability from climate, soil, and
topography data, by applying the global dataset of crop
suitability from a fuzzy logic approach by Zabel et al.
(2014). It considers 16 economically important staple and
energy crops at a spatial resolution of 30 arc seconds.
These are barley, cassava, groundnut, maize, millet, oil
palm, potato, rapeseed, rice, rye, sorghum, soy, sugarcane,
sunflower, summer wheat, and winter wheat. The param-
eterization of the membership functions that describe each
of the crops’ specific natural requirements is taken from
Sys et al. (1993). The considered natural conditions are:
climate (temperature, precipitation, solar radiation), soil
properties (texture, proportion of coarse fragments and
gypsum, base saturation, pH content, organic carbon con-
tent, salinity, sodicity), and terrain (elevation, slope). The
requirements for temperature and precipitation are defined
over the growing period. For this case, we calculate the
optimal start of the growing period, considering the tem-
poral course of temperature and precipitation and thus the
course of dry and rainy seasons.
As a result of the fuzzy logic approach, values in a range
between 0 and 1 describe the suitability of a crop for each
of the prevailing natural conditions at a certain location.
The smallest suitability value over all parameters finally
determines the suitability of a crop. The daily climate data
(mean daily temperature and precipitation sum) are pro-
vided by simulation results from the global climate model
ECHAM5 (Jungclaus et al. 2006) for near future
(2011–2040) SRES A1B climate scenario conditions. Soil
data are taken from the Harmonized World Soil Database
(HWSD) (FAO et al. 2012), and topography data are
applied from the Shuttle Radar Topography Mission
(SRTM) (Farr et al. 2007). In order to gather a general crop
suitability, which does not refer to one specific crop, the
most suitable crop with the highest suitability value is
chosen at each pixel. Thus, we create a potential land use
for each pixel, based on the most suitable crops. This land
use does not refer to actual land use and the actual
Fig. 1 Percentage change in
global crop production under
the land expansion scenario and
harvested area in 2030
compared with 2007. Source
simulation of production with
DART-BIO; harvested area
based on Alexandratos and
Bruinsma (2012)
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allocation of crops but is used for the further calculation of
natural expansion potential.
In addition to the natural biophysical conditions, we
consider today’s irrigated areas based on Siebert et al.
(2013). We assume that irrigated areas globally remain
constant until 2040, since adequate spatial data on possible
future extend of irrigated areas do not exist, although it is
likely that freshwater availability for irrigation could be
limited in some regions, while in other regions surplus
water supply could be used to expand irrigation practices
(Elliott et al. 2014). However, it is difficult to project where
irrigation practices will evolve, since it is also driven by
economic considerations, such as the amount of investment
costs that are required to establish irrigation infrastructure.
In principle, all agriculturally suitable land that is not
used as cropland today has the natural potential to be con-
verted into cropland. We assume that only urban and built-
up areas are not available for conversion, although more
than 80 % of global urban areas are agriculturally suit-
able (Avellan et al. 2012). However, it seems unlikely that
urban areas will be cleared at the large scale due to high
investment costs, growing cities, and growing demand for
settlements. Concepts of urban and vertical farming usually
are discussed under the aspects of cultivating fresh vegeta-
bles and salads for urban population. They are not designed
to extensively grow staple crops such as wheat or maize for
feeding the world in the near future. Urban farming would
require one-third of the total global urban area to meet only
the global vegetable consumption of urban dwellers
(Martellozzo et al. 2015). Thus, urban agriculture cannot
substantially contribute to global agricultural production of
staple crops and consequently is not considered in this study.
Protected areas or dense forested areas are not excluded
from the calculation, in order not to lose any information in
the further combination with the biodiversity patterns (see
chapter 2.3). We use data on current cropland distribution
by Ramankutty et al. (2008) and urban and built-up area
according to the ESA-CCI land-use/land-cover dataset
(ESA 2014). From these data, we calculate the ‘natural
expansion potential index’ (Iexp) that describes the natural
potential for an area to be converted into cropland as
follows:
Iexp ¼ S Aav
The index is determined by the quality of crop suit-
ability (S) (values between 0 and 1) multiplied with the
amount of available area (Aav) for conversion (in percent-
age of pixel area). The available area includes all suit-
able area that is not cultivated today and not classified as
urban or artificial area. The index ranges between 0 and
100 and indicates where the conditions for cropland
expansion are more or less favourable, when taking only
natural conditions into account, disregarding socio-
economic factors, policies, and regulations that drive or
inhibit cropland expansion.
Since it is unknown which crop might be used for
expansion, the index uses the most suitable crop at each
pixel (as given by the general crop suitability) for deter-
mining the natural potential for expansion. Consequently,
not all crops might be suitable for expansion where Iexp is
greater than zero. The index is a helpful indicator for
identifying areas where natural conditions potentially allow
for expansion of cropland in the near future from a bio-
physical point of view. The index does not allow for
determining the likelihood of cropland expansion, since it
ignores socio-economic factors and policy regulations
because we do not aim to understand the factors that may
affect cropland expansion. Rather, our goal is to localize
potential conflicting areas.
Trade-offs between biodiversity and potential
cropland expansion
As indicators of biodiversity, we use global endemism
richness for birds, mammals, and amphibians created from
expert-based range maps obtained from the International
Union for Conservation of Nature (IUCN 2012) and
Birdlife databases (BirdLife 2012). Habitat changes due to
cropland expansion are the principal driver of extinction
risk in these animal groups (Pereira et al. 2012). We choose
endemism richness over other biodiversity indicators
because it combines species richness with a measure of
endemism (i.e. the range sizes of species within an
assemblage) and thus indicates the relative importance of a
site for global conservation (Kier et al. 2009). We calculate
endemism richness as the sum of the inverse global range
sizes of all species present in a grid cell. The data are
scaled to an equal area grid of 110 9 110 km at the
equator (1 arc degree) because at finer spatial resolutions,
the underlying species range maps exhibit excessively high
false-presence rates, overestimating the area of occupancy
of individual species (Hurlbert and Jetz 2007).
Following similar methods as in Kehoe et al. (2015), we
overlay endemism richness indicators with the natural
expansion potential index to examine the spatial concor-
dance between patterns of global biodiversity and suit-
ability for cropland expansion. First, we statistically
quantify the spatially explicit association between ende-
mism richness and cropland expansion potentials using the
bivariate version of the local indicator of spatial association
(LISA) (Anselin 1995). LISA represents a local version of
the correlation coefficient and shows how the nature and
strength of the association between two variables vary
across a study area. The method allows for the decompo-
sition of global indicators, such as Moran’s I, into the
contribution of each individual observation (e.g. a grid
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cell), while giving an indication of the extent of significant
spatial clustering of similar values around that observation.
Using OpenGeoDa version 1.2.0 (Anselin et al. 2006), we
calculate the local Moran’s I statistic of spatial association
for each 110-km grid cell as:




wij yj  y
 
where xi and yj are standardized values of variable x (e.g.
cropland expansion potentials) and variable y (e.g. ende-
mism richness) for grid cells i and j, respectively, x and y
are the means of the variables, wij is the spatial weight
between cell i and j inversely proportional to Euclidean
distance between the two cells, and s2 is the variance.
Based on the values of local Moran’s I, we identify and
map spatial associations of (1) high–high values, that is
spatial hot spots in which locations with high values of
cropland expansion potentials are surrounded by high
values of endemism richness, (2) low–low values, that is
spatial cold spots in which locations with low values of
cropland expansion potentials are surrounded by low val-
ues of endemism richness, and (3) high–low and low–high
values, where the spatial association between the variables
is negative (inverse). The strength of the relationship is
measured at the 0.05 level of statistical significance cal-
culated by a Monte Carlo randomization procedure based
on 499 permutations (Anselin et al. 2006). We use the
resulting areas of high–high values to generate a summary
map of high-pressure regions for all three taxonomic
groups (birds, mammals, and amphibians). As a second
analysis, we delineate the ‘hottest’ hot spots of high
cropland expansion potentials and endemism richness by
extracting the top 5 and 10 % of the data distribution
(Ceballos and Ehrlich 2006). Intersecting these top values
of both variables, we create maps of the top pressure
regions, where high biodiversity is most threatened by
potential cropland expansion.
Results and discussion
The impact of cropland expansion on food security
Food supply and accessibility depend not only on the
ability to produce a sufficient quantity and quality of
food, but also on the food price level and incomes
relative to these prices. We apply the CGE Model
DART-BIO in order to compare agricultural production
and prices on global and regional scale under two sce-
narios. The land expansion (LE) scenario (cp. ‘‘The
DART-BIO model’’) is run and compared to results
from a baseline scenario without cropland expansion to
quantify the price and production changes. To illustrate
the effect of expanding cropland on food security, first
the changes in global and regional production quantities
and trade flows are displayed. Second, changes in price
on global and regional scale under the LE scenario are
discussed.
Food production and trade flows
Under the LE scenario, global production of primary
agricultural goods increases by 3–9 %, while processed
food production rises by 3 % compared with the baseline
scenario in 2030. A detailed table with price and quantity
changes for all crops and processed food sectors is avail-
able in Appendix Table 3.
Regionally, the cropland expansion has different
impacts on food production. Driven by the amount in
cropland expansion/reduction of the scenario, crop pro-
duction in European countries except Benelux as well as in
Russia, Japan, and India is reduced in 2030 compared with
2007 (see Fig. 1). Largest increases in crop production are
simulated for Paraguay, Argentina, Uruguay, Chile (PAC)
(?34 %), and other regions that face problems in
improving food security (Brazil ?16 %, LAM ?13 %,
AFR ?11 %, SEA ?14 %). Comparing production in 2030
under the LE scenario to the baseline scenario, production
of maize, soy beans, and wheat shows largest increase in
Latin America. South-East Asia (SEA) and Malaysia/In-
donesia (MAI) increase paddy rice production by 11–13 %,
while also ‘Rest of Agriculture’ (AGR) rises considerably.
Production of, e.g., wheat and AGR in India drops, since
expansion potentials are very limited. These results indi-
cate that while food production rises on global average, not
all regions produce more under the LE scenario. Thus, their
ability to produce a sufficient quality of food is not
improved when expanding cropland as under the LE
scenario.
Countries are connected via bilateral trade. Different
values for cropland expansions result in changing com-
parative advantages of different regions, which affects
trade flows. In 2030, regions in Asia are net importers of
most agricultural goods in the baseline scenario. South-
East Asia (SEA) reduces its net imports of processed food
by more than half under the LE scenario compared with the
baseline. At the same time, SEA exports more AGR
(?63 %). These exports mainly target India and China,
who also increase imports from other regions. Indian’s net
imports of crops strongly increase such that private con-
sumption of food in India rises. Regions in Latin America
are net exporters of crops and net importers of processed
food under the baseline scenario in 2030. Under the LE
scenario, net exports of crops increase compared with the
R. Delzeit et al.
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baseline, while less processed food is imported. This
indicates that cropland expansion, though distributed dif-
ferently in different regions, provides more food to con-
sumers in all regions compared with the baseline run.
Food prices
Agricultural prices are also important for food security,
particularly for net importing countries, and people who do
not produce food themselves. Comparing results of the LE
scenario with the baseline, global average prices of crops
fall by 6–20 % (see Table 3 in Appendix). The highest
price decreases are simulated for soy beans, since they are
produced in regions with the highest cropland expansions.
In addition, by 2030 the demand for soy beans is larger
compared with, e.g., paddy rice as soy beans are used as
feedstuff to satisfy rising meat consumption over time, and
biofuel quotas. As a result, soybean areas expand by 13 %
compared with the baseline run. The area expansion for
paddy rice amounts to 5 %, which results in a global
average price decrease of 6 %.
Driven by the scenario assumptions, regional production
costs, and trade flows, regional price changes vary con-
siderably. Taking wheat as an example, strongest price
decreases are simulated for Brazil and PAC, where most of
the cropland expansion takes place (see Table 1). But also
regions in which cropland does not expand or only to a
limited degree profit from decreasing crop prices. While,
e.g., wheat production in India decreases under the LE
scenario compared with the baseline in 2030, wheat prices
drop by 5 % since India benefits from low wheat prices on
the world market (-11 %) (see Table 1).
In summary, our results indicate that cropland expansion
improves food security, particularly in those regions that
currently face problems in providing sufficient and
affordable quantities of food to people. However, data from
FAO used in the LE scenario provide no spatial informa-
tion on the locations within the regions where expansion
takes place. Accordingly, no statement on substituted land
cover and possible loss of biodiversity is possible. There-
fore, in the following section, potential areas for cropland
expansion are identified.
Identification of natural potentials for cropland
expansion
Assuming that cropland expansion is potentially possible
where the quality of land is suitable for the cultivation of
crops and area is still available for the conversion of land
into cropland, Fig. 2 shows the calculated index of the
natural expansion potential. The greater the agricultural
suitability and the larger the available area for expansion, the
greater the value of the index. Red coloured areas in Fig. 2
indicate high natural potential for cropland expansion.
We identify high natural expansion potentials in African
countries (e.g. Cameroon, Chad, Gabon, Sudan, western
parts of Ethiopia, and Tanzania), Central and South
America (Mexico, Nicaragua, Uruguay, and parts of
Argentina), fragmented parts of Asia (north-eastern part of
China, northern parts of Australia and Papua New Guinea)
and small parts of Russia. These areas are characterized by
fertile soils and adequate climate conditions for at least one
of the investigated crops, while at the same time these areas
are not under cultivation today according to the applied
data. The high expansion potential in parts of tropical
countries, such as Cameroon, Gabon, Nicaragua, Indone-
sia, Malaysia, Papua New Guinea, and the Philippines, is
mainly caused by the high crop suitability of oil palm in
these regions, while other crops are not suitable here (Zabel
et al. 2014). Regions with high natural expansion potential
in the Sahel Zone mainly owe their high values to the good
suitability of sorghum.
Certainly, many of the named regions with high natural
potential for expansion are in the focus of cropland
expansion and land grabbing already today. While the inner
tropical basins of Brazil and the Congo show large areas
for possible expansion, the value for the expansion poten-
tial index is relatively low here, since the agricultural
suitability is inhibited due to marginal soil quality condi-
tions. On the other hand, the potential for expansion is
Table 1 Percentage change in wheat prices
Regions Price change % Regions Price change %
BRA -24.0 SCA -9.7
PAC -24.2 BEN -13.2
LAM -18.3 MED -10.3
AFR -18.1 REU -11.0
MEA -13.4 FSU -22.9
SEA -12.3 RUS -1.7
CHN -6.4 USA -17.7
IND -5.0 CAN -18.5
JPN 5.3 ANZ -23.9
GER -10.9 ROW -12.3
GBR -11.2 WLD -11.4
FRA -9.6
South America Brazil (BRA); Paraguay, Argentina, Uruguay, Chile
(PAC); Rest of Latin America (LAM); Africa sub-Saharan Africa
(AFR); Middle East, North Africa (MEA); Asia South-East Asia
(SEA); China (CHN); India (IND); Malaysia, Indonesia (MAI); Japan
(JPN); Russia (RUS); Rest of Former Soviet Union and Europe
(FSU); Europe Germany (GER); UK, Ireland (GBR); France (FRA);
Finland, Sweden, Denmark (SCA); Belgium, Netherlands, Luxem-
burg (BEN); Spain, Portugal, Italy, Greece, Malta, Cyprus (MED);
Rest of European Union (REU); North America and Rest USA
(USA); Canada (CAN); Australia, New Zealand (ANZ); Rest of the
World (ROW); global average (WLD)
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relatively low in North America and Europe, where most of
the suitable areas are already under cultivation today.
Therefore, the potential for further expansion is relatively
low. Topography also affects agricultural suitability, and
thus, the natural potential for expansion depends also on
the extent of suitable valleys within mountainous areas.
Increasing mean temperatures due to climate change
until 2040 are considered in the calculation of natural
expansion potentials. Climate change, e.g., affects the
northern hemisphere, where the climatic frontier for culti-
vation shifts northwards with time such that additional land
potentially becomes suitable and thus is available for
expansion. On the other hand, suitability decreases for
most of the 16 investigated crops due to climate change,
especially for cereals in the tropics and the Mediterranean.
Spatial patterns of potential cropland expansion
and biodiversity
The LISA analyses reveal regionally variable spatial con-
cordance between patterns of cropland expansion poten-
tials and global biodiversity (Fig. 3). Regions with low
potential of cropland expansion and low biodiversity (i.e.
spatial cold spots) are similar across all three taxonomic
groups, covering mostly non-arable, desert, or ice-covered
land (39 % of terrestrial ecosystems; Fig. 3a–c). The hot
spots, i.e. regions where high biodiversity is potentially
threatened by cropland expansion, vary more substantially
among the considered vertebrate groups but all are focused
primarily in the tropics, covering 18 % of the terrestrial
land surface. While the hot spot patterns for birds and
mammals show high spatial congruence (67 % overlap),
the areas of high expansion potentials associated with high
endemism richness are relatively smaller for amphibians
(41 % overlap with the other taxa) due to the generally
smaller ranges of amphibian species concentrated in
specific geographical areas. However, the summary of
statistically significant hot spots for all three taxonomic
groups shows a spatially consistent pattern of high-pressure
regions (Fig. 3d), covering Central and South America,
Central Africa and Madagascar, Eastern Australia, and
large portions of Southeast Asia. Other regions with higher
suitability for cropland expansion either are not signifi-
cantly associated with endemism richness or occur in areas
with relatively low levels of endemism richness (11 % of
the terrestrial land surface), e.g. the Midwest of North
America, Eastern Europe, or parts of sub-Saharan Africa.
The spatial intersect of the top 5 and 10 % of data on
cropland expansion and biodiversity (Fig. 4) further pin-
points the top pressure regions, where high levels of
endemism richness for all considered taxa may be most
threatened by potential cropland expansion (3 % overlap
for top 5 % data and 13 % overlap for top 10 % data).
These ‘hottest’ hot spots of potential future conflict
between biodiversity and agriculture are found in Central
America and the Caribbean, in the tropical Andes and
south-western Brazil, in West and East Africa, including
Madagascar, and in several parts of tropical Asia, in par-
ticular the Indochina region, the Indonesian islands, and
Papua New Guinea.
Although our results highlight relatively large areas of
potential future pressure on biodiversity, it does not mean
Fig. 2 Index of natural potentials for the expansion of cropland. The
index is calculated as the result of agricultural suitability under SRES
A1B climate scenario conditions for 2011–2040 and the availability
of suitable land for expansion. The index ranges from 1 (low potential
for expansion, green) to 100 (high potential for expansion, red).
Values with 0 (no potential for expansion) are masked out. Map in
Eckert IV projection, 30-arc-second spatial resolution
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that all types of habitats in each 110-km grid cell would be
equally affected if cropland expansion occurred. When using
endemism richness as an indicator of biodiversity, our
concern is not the area of habitat but the number of range
equivalents, i.e. fractions of species global ranges that are
contained within a grid (Kier et al. 2009). For example,
many mountainous regions in the tropics identified as high-
pressure regions have high endemism richness due to many
different species inhabiting zones along topographical and
climate gradients. Presumably, the habitats in higher eleva-
tions are less likely to be affected than habitats located in
lower regions because of differences in soil characteristics,
slope steepness, accessibility, and other fine-scale factors
restricting agricultural suitability and thus natural expansion
potential in mountainous areas.
On the other hand, we also identify areas where high
suitability for additional expansion of food production may
pose lower threats to conservation of biodiversity. These
regions, such as Eastern Europe, sub-Saharan Africa, or
Northeast China, coincide with the ‘extensive cropping
land system’ (Va´clavı´k et al. 2013) that represents rela-
tively easily achievable opportunity for an expansion or
intensification of agricultural production, especially for
wheat, maize, or rice. Here, large production gains could be
achieved if yields were increased to only 50 % of attain-
able yields (Mueller et al. 2012). However, even areas with
relatively low endemism richness may still harbour valu-
able species or include cultural heritage that cropland
expansion may threaten. Our analysis identifies where the
high- and low-pressure regions are located but does not
explain how the various aspects of biodiversity would be
threatened by future land-use changes. Therefore, we
caution that more detailed and context-specific assessments
are needed to understand the possible outcomes of different
expansion strategies. In addition to biodiversity and eco-
nomic indicators, these assessments should consider other
Fig. 3 Local indicator of spatial association (LISA) between crop-
land expansion potentials and endemism richness for birds (a),
mammals (b), and amphibians (c). The pattern shows how the nature
and strength of the association between two variables vary across the
globe. High–high clusters show hot spot locations, in which high
cropland expansion potentials are associated with high values of
endemism richness. Low–low clusters show cold spot locations, in
which low cropland expansion potentials are associated with low
values of endemism richness. High–low and low–high clusters show
inverse spatial association. The map in (d) summarizes all high–high
associations to show high-pressure regions for one, two, or all three
taxonomic groups. Maps in Eckert IV projection, 1-arc-degree spatial
resolution
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(non-provisioning) ecosystem services, resilience of land-
use systems, and cultural and societal outcomes of
increasing food production (Kehoe et al. 2015).
Summary and conclusions
Trade-offs between food security and biodiversity are dri-
ven by various interdependent socio-economic and bio-
physical parameters that operate at both global and local
scales. In this study, we account for these parameters by
combining three methodological approaches to analyse the
effects of expanding agricultural production: (1) we run an
economic scenario analysis with a computable general
equilibrium model to examine the effect of an exogenous
cropland land expansion on changes in crop production and
prices, (2) we determine where an expansion of cropland
would be possible under the given natural conditions, and
(3) we statistically analyse where the natural potential for
cropland expansion may threaten biodiversity.
Fig. 4 Overlay of top 5 % (a) and top 10 % (b) of natural cropland
expansion potentials and global endemism richness for three verte-
brate taxa (birds, mammals, and amphibians). The intersect of both
datasets (in red) highlights the top pressure regions, where high
biodiversity (i.e. high numbers of range size equivalents) may be
particularly threatened by potential cropland expansion. Maps in
Eckert IV projection, 1-arc-degree spatial resolution
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We show that there are potential trade-offs between
increased food production and protection of biodiversity.
On the one hand, allowing the expansion of cropland
generally results in improved food security in terms of
decreased food prices and increased quantity, not only in
those regions where crop production rises, but also in net
importing countries such as India and China. On the other
hand, the results show that estimated cropland expansion
could take place in many regions that are valuable for
biodiversity conservation. From an economic point of
view, the highest expected expansion of cropland accord-
ing to FAO takes place in South America, particularly in
Argentina, Bolivia, and Uruguay. Considering that these
countries also have a high biophysical potential for crop-
land expansion as well as relatively high endemism rich-
ness, they represent valuable regions from the conservation
point of view but with the highest pressure for land
clearing. Similar conclusions can be made for regions in
Australia, Brazil, and Africa. Our analyses highlight such
regions that deserve further attention and more detailed and
context-specific assessments to understand the possible
outcomes of different food security strategies, while at the
same time establishing mechanisms to efficiently protect
habitats with high biodiversity.
Our results are relevant with respect to the SDGs for
implementing and enforcing sustainable pathways for
increasing agricultural production, ensuring food security
while conserving biodiversity and ecosystem services. A
report by the International Council for Science (ICSU) and
the International Social Science Council (ISSC) states that
some goals may conflict. The presented approach con-
tributes to identifying the key trade-offs and complemen-
tarities among goals and targets, as required in SDGs. In
addition, our study contributes to the land sharing versus
sparing debate that generated a controversial discussion on
the pressing problems of feeding a growing human popu-
lation and conserving biodiversity (Fischer et al. 2008;
Godfray 2011; Phalan et al. 2011; von Wehrden et al.
2014). Our approach represents one of the first examples of
moving forward from the bipolar framework (Fischer et al.
2014). We advance the framework by (1) accounting for
economic parameters, thus focusing on food security rather
than mere production, (2) treating agricultural landscapes
as complex social–ecological systems, (3) accounting for
biophysical and socio-economic factors that operate at
different spatial scales, and (4) defining biodiversity with a
metric that combines species richness with conservation
value of the area.
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